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Abstract
This paper presents a computational study on the flow field, particle trajectory and deposition in a rectangular channel which
includes multi-vibrating elastic ribbons mounted on different places of the channel. The diameter of particles varies between
10μmand40μm.Twodifferent places of a vibrating ribbon and four different places ofmulti-vibrating ribbons are considered.
To compare, a fixed ribbon is also considered. Fluid flow equations are solved numerically based on the finite element method.
The trajectory of particles was obtained by solving the equation of particle motion that included the inertial, viscous drag
and gravity forces. The fluid–structure interaction was considered using an arbitrary Lagrangian–Eulerian method. Detailed
analysis of the fluid velocity field and fluid–structure interaction is carried out to investigate the effect of vibrating ribbons
on particle deposition. The results were compared with the available experimental and numerical data, and the accuracy
of approach was evaluated. Results show that behind the vibrating ribbon, multiple vortices of different sizes are formed,
which causes changes in the velocity gradient and flow fluctuations of the upstream and increases the percentage of particle
deposition in that area compared to a fixed ribbon. For one ribbon cases, an increase in deposition efficiency is observed when
the vibrating ribbon is mounted on the upper wall, and for multi-vibrating ribbon cases, this increase is also observed, but the
percentage of deposition is lower than single-ribbon cases. In addition, increasing the diameter of particles and decreasing
the Young’s modulus increase the deposition percentage of particles.
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1 Introduction

The study of aerosol and small-size particle motion, depo-
sition and those behaviors is an important issue in many
industries and also has many applications, such as air pollu-
tion and air pollution control equipment. Cyclones, settling
chambers and scrubbers are air pollution equipment that
obtaining the particle behavior in that equipment could be
very important for those designing. Studying the behavior of
particles on some equipment that has a moving piece also
has some challenges, because these moving pieces could
affect fluid behavior and velocity distribution. The motion
and deposition of small-sized particles are under the effect
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of fluid velocity distribution. In this case, for simulation, the
moving mesh methods should be used for obtaining the fluid
and particle motions. In some cases, the fluid that passes over
an obstacle could deflect the obstacles based on its struc-
ture modulus, such as its Young’s modulus; therefore, the
particle deposition on these obstacles is affected by those
deflections. In the FSI (fluid–structure interaction) method,
the effect of fluid on structure deflection or motion is stud-
ied. The deflection or motion of a solid structure is due to
pressure or stress forces that are exerted by the fluid on the
solid. Therefore, the particle in fluid should be deposited on
a moving or deflecting solid. A method that is used for mod-
eling fluid on a moving obstacle in a moving mesh system
is the ALE (arbitrary Eulerian–Lagrangian method) method.
In this method, the solid velocity in a cell is subtracted from
the fluid velocity. Many investigators did a lot of work on
solid motion and deposition on fixed obstacles in tubes or
channels, but investigations on particle deposition onmoving
objects are relatively rare. In the following, we review some
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works on the flow field with obstacles, in continue deposi-
tion of particles on fixed solids will be reviewed. Kmiotek
and Kucaba-Piętal [1] studied the effect of the wall-mounted
obstacle on laminar fluid flow at different shapes (triangu-
lar and rectangular), and they showed that the increase of
Reynolds number values increases the length of the recircula-
tion zone. Błoński et al. [2] studied fluid flow in a rectangular
microchannel in the presence of a fixed obstacle numerically
and experimentally. They demonstrated that for Reynolds
values greater than 10, the deformation of the flow field in
the microchannel was observed for fluid flow characterized.
Goharrizi, Taheri and Fathikalajahi [3] studied the particle
motion and deposition from a turbulent stream around a
surface-mounted ribbon. They concluded that the particles
are deposited around the ribbon due to inertial impaction
and gravity force and the dominant deposition mechanism
depends on Stokes and gravity numbers. Li et al. [4] devel-
oped a computational scheme for simulating aerosol particle
dispersion and deposition in turbulent flows in passages with
complex geometry. They used a thermodynamically consis-
tent rate-dependent algebraic stress model to simulate the
mean turbulent flow fields. They also evaluated the corre-
sponding capture efficiencies of rectangular and trapezoidal
blocks for different particle Stokes numbers and showed
that the deposition rate decreases significantly as the shape
of the obstruction becomes more streamlined. The turbu-
lent flow and particles deposition in wavy duct flows was
studied by Hayatia et al. [5]. They used the v2-f turbulence
model to simulate the turbulent flow through the wavy chan-
nel. In their studies, the instantaneous turbulence fluctuating
velocities were simulated using the Kraichnan Gaussian ran-
dom model. The drag, Saffman lift, Brownian and gravity
forces were considered to act on the particle equation of
motion. Their results showed that the duct wavy walls sig-
nificantly increased the particle deposition rate. Ansari et al.
[6] obtained the solid particles motion and deposition in a
filter with regular and irregular arrangement of blocks using
the lattice Boltzmann method. In their study, the flow was
considered to be laminar. They concluded that the regular
filter has a more deposition efficiency for small particles
(less than 15 μm diameters) and an irregular filter is more
suitable for filtering large particles (more than 15μm diame-
ters). Predicting the particle deposition characteristics using a
modified Eulerian method on a tilted surface in the turbulent
flow was studied by Abdolzadeh, Mehrabian and Goharizi
[7]. The v2-f turbulence model with a two-phase Eulerian
approach was used by these investigators, because the v2-
f model can accurately calculate the near wall fluctuations
which mainly represent the non-isotropic nature of turbu-
lent flow near the walls. In their research, the influence of
the tilt angle on the particle deposition rate was investigated.
They have shown that considering the turbophoretic force
as the only inertia force and neglecting the lift force, leads

to reasonable accuracy in predicting particle deposition rate.
Tian and Ahmadi [8] studied the transport and deposition of
nano- andmicroparticles in a turbulent duct flow using differ-
ent turbulence models. The presented results could provide
guidelines for selecting appropriate procedure for simulating
nano- and microparticle transport and deposition in various
applications. They have shown that when sufficient care was
given to the modeling effort, the particle deposition rates
could be predicted with reasonable accuracy. A particulate
flow in a rib-roughened channel is investigated using LRR
model and a Lagrangianmethod byAndaz andMaso [9]. The
LRR turbulence model is a type of the standard Reynolds
stress model (RSM) in which six extra transport equations
are solved. They used a deflector in the channel to exam-
ine its effect on the deposition rate. Their results showed
that the deflector increases the deposition rate with different
diameter sizes by increasing the interaction between parti-
cles and lower channel wall. This study showed that while a
deflector increases the particle deposition rate, it can cause
pressure drop due to flow blockage. In addition to numer-
ical works, Lai, Byrne and Goddard [10–13] and Kussin
and Sommerfeld [14] have experimentally studied the effect
of wall roughness on particle deposition. Airborne particle
transport and deposition on solid surfaces has an important
role in aerosol deposition, infectious diseases transmission
and surface soiling. Moving fluids disperse particles by the
action of several forces including drag, lift, thermophoresis,
buoyancy and Brownian effects. Fabregat and Pallares [15]
studied the transport and wall surface deposition of airborne
particles in enclosed, buoyancy-driven turbulent flows using
fully resolved numerical simulations. They showed that the
deposition rate on adiabatic walls is found to be spatially
inhomogeneous with particles accumulating near the corners
where hot and cold walls meet. They explain these prefer-
ential spots by intensified wall-normal turbulent transport
in these particular regions. In this study, for the first time,
the flow field and particle deposition in a two-dimensional
rectangular channel which includes multi-vibrating elastic
ribbons have been investigated. Two different places of a
vibrating elastic ribbon and four different places of multi-
vibrating elastic ribbons are considered. To compare, a fixed
ribbon is also considered. Detailed analysis of the fluid
velocity field and fluid–structure interaction is carried out to
investigate the effect of vibrating elastic ribbons on particle
deposition.

2 Geometry and boundary conditions

In this study, 21 geometrical configurations of fluid flow are
analyzed including 18 vibrating ribbon geometries (6 vibrat-
ing ribbon cases with 3 particle diameters) and 3 fixed ribbon
geometries for comparison and validation. The number of
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Fig. 1 Schematic representation of a channel

Table 1 Geometric characteristics of the channel and vibrating obstacle

W (mm) 100 h (mm) 10

H (mm) 20 X1(mm) 20

w (mm) 0.2 X2(mm) 60

particles varies between 2000 and 15,950. The diameter of
the particles varies between 10 and 40 μm, and their den-
sity is considered to be 1000 kg/m3. Figure 1 depicts the
schematic geometry of the simulated domain, and also infor-
mation about geometrical characteristics of 19 geometries is
presented in Table 1. Moreover, information about geometri-
cal characteristics of 2fixedgeometries that use for validation
is the same as the work of May and Clifford [16], Goharrizi
et al. [3] and Kmitek and Kucaba [1]. The physical properties
of air used in the calculations are ρ � 1.204 kg/m3 and μ �
1.825 × 10−5 Pa s. The density of the ribbons is considered
to be 7850 kg/m3, and the Young’s modulus of the vibrating
ribbons varies between 0.1 and 0.2 Mpa.

For airflow around the ribbons, no slip boundary condi-
tions are assumed over the walls. Zero normal gradients are
assumed at the outlet plane.Also, at inlet, a parabolic velocity
distribution is considered as follows:

U � 0.75 × Y × H − Y
[ H
2

]2 (1)

whereU andH are inlet fluid velocity and height of channel,
respectively.

3 Computational method

In this study, the flow field and particle deposition in a
two-dimensional channel in the presence of one and multi-
vibrating elastic ribbons have been investigated. To simulate
the airflow as a continuous phase, Navier–Stokes equations
are used and it is considered as an incompressible flow due
to low air velocity.

ρ∇.u � 0 (2)

ρ
∂u
∂t

+ ρ(u.∇)u � ∇.[−p I + K ] + F (3)

where u and p are flow velocity and pressure, ρ is the fluid
density, μ is the fluid dynamic viscosity, and I is unit tensor.
Also, K is:

k � (μ + μT )
(
∇u + (∇u)T

)
(4)

The well-known standard k-ε turbulence model, which is
based on eddy viscosity modeling to Reynolds stress, is used
for analysis of flow field. It is a two-equation model that
gives a general description of turbulence by means of two
transport equations for turbulent kinetic energy and turbulent
dissipation rate [17].

The transport equation for turbulent kinetic energy is:

ρ
∂k

∂t
+ ρ(u.∇)k � ∇.

[(
μ +

μT

σk

)
∇k

]
+Pk − ρε (5)

where σk is turbulent Prandtl number for k and Pk represents
the term kinetic energy production:

Pk � μT

[
∇u :

(
∇u + (∇u)T

)]
(6)

The transport equation for the turbulent dissipation rate
is:

ρ
∂ε

∂t
+ ρ(u.∇)ε � ∇.

[(
μ +

μT

σε

)
∇ε

]
+ C1ε

ε

k
Pk − C2ερ

ε2

k
(7)

The turbulent viscosity is calculated by using the follow-
ing equation:

μT � ρcμ

k2

ε
(8)

where the five empirical constants of the standard model of
turbulence k-ε are Cμ, σ k , σε, Cε1 and Cε2 with values of
0.09, 1.0, 1.3, 1.44 and 1.92, respectively.

The governing equation in the form of Eq. 2 is discretized
into algebraic equations by means of the finite element
method [18] by using COMSOL Multiphysics software ver-
sion 6.1.

Because the vibrating elastic ribbons are moving in time
and deform as a function of some parameters (fluid velocity
and solid deformation), a deformed mesh (a finite element
mesh that will need to change) is employed for the numer-
ical simulation (Fig. 2). The deforming domain feature and
deformed geometry interface solve an equation for the mesh
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Fig. 2 Deformed grids near the ribbon

displacement. This equation smoothly deforms the mesh
given the constraints placed on the boundaries.

There are four types of smoothing methods for computing
the deformation of the mesh within each domain Laplace,
Winslow, hyperelastic and Yeoh smoothing types. Here, we
used Yeoh smoothing. This method generally produces the
best results and allows the largest displacement of boundaries
before mesh elements become inverted. However, because of
its strong nonlinearity, it can cause convergence problems, in
particular for time-dependent and segregated solvers [19].

The Yeoh smoothing method is inspired by hyperelas-
tic materials, in this case, the three-term Yeoh hyperelastic
model, which is a generalization of a neo- Hookean material,
uses a strain energy of the form [19]:

(9)

w � 1

2
∫C1 (I1 − 3) + C2 (I1 − 3)2

+ C3 (I1 − 3)3 + k (J − 1)2 dV

where κ is an artificial bulk modulus, as above, while C1, C2

and C3 are other artificial material properties. The values of

C1 and C3 are 1 and 0, respectively. The value of C2 con-
trols the nonlinear stiffening of the artificial material under
deformation. It is specified in the Stiffening factor field, with
a value of 100. The invariants J and I1 are given by

J � det(∇Xx ) (10)

I1 � J− 2
3 tr

(
(∇Xx )T∇Xx

)
(11)

where x and y are the spatial coordinates of the spatial frame,
and X and Y are the reference coordinates of the material
frame [19].

The grid is no uniform in the x-direction within the region,
with the grid spacing reduced as onemoves toward the ribbon
wall. There is also no uniform grid region in the y-direction,
adjacent to the top edge and a solid boundary under the rib-
bons. The grid spaces are larger far from the ribbon where
the flow is without any considerable variation.
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3.1 Particle trajectory

In this study, a Lagrangian description is provided for pre-
dicting the trajectory of particles in the fluid. The particle
momentum comes from Newton’s law of motion, which
states that the net force on a particle is equal to its time rate of
change of its linear momentum in an inertial reference frame:

mp
dV
dt

� FD + Fg + Fext (12)

where FD, Fg and Fext are drag force, gravity force and
any other external force, respectively.

In Eq. 12, drag force,FD, is defined as:

FD �
(
1

τp

)
mp(u − v) (13)

where mp, u, v and τ p are particle mass, particle velocity,
fluid velocity and velocity response time, respectively.

A large number of expressions for the particle response
time are available; selecting an appropriate drag law requires
knowledge of the relative Reynolds number of particles in
the flow [20]. The relative Reynolds number of particle is
given by the expression

Rer � ρ‖u − v‖dp
μ

(14)

where dp, u, v and μ are particle diameter, particle velocity,
fluid velocity and fluid viscosity, respectively.

The gravity force is given by:

Fg � mpg
(ρp − ρ)

pρ

(15)

where ρ and ρp are fluid and particle density, respectively.
In this study for calculation of the particle trajectories, the

Newtonian formulation is used. It defines a set of second-
order ordinary differential equations for the components
of the particle position based on Newton’s second law of
motion. The spherical particles are introduced at a finite num-
ber of starting locations with a finite number of particle sizes
at each starting location [19].

3.2 Fluid–structure interaction

The fluid–structure interaction (FSI) combines fluid flow
with solid mechanics to capture the interaction between the
fluid and the solid structure. A solid mechanics interface and
a single-phase flow interface model the solid and the fluid,
respectively. The FSI couplings appear on the boundaries
between the fluid and the solid. The fluid–structure interac-
tion interface uses an arbitrary Lagrangian–Eulerian (ALE)

method to combine the fluid flow formulated using an Eule-
rian description and a spatial frame with solid mechanics
formulated using a Lagrangian description and a material
reference frame [21].

Asmentioned, the fluid flow is described by theNavier–S-
tokes equations, which provide a solution for the velocity
field u. The total force exerted on the solid boundary by the
fluid is the negative of the reaction force on the fluid,

f � n.

{
−pI + (μ

(
∇u + (∇u)T

)
− 2

3
μ(∇.u)I

)}
(16)

where p denotes pressure, u the fluid velocity,μ the dynamic
viscosity of the fluid, n the outward normal to the boundary,
and I the identity matrix.

Because the Navier–Stokes equations are solved in the
spatial (deformed) frame, while the structural mechanical
interfaces are defined in the material (undeformed) frame, a
transformation of the force is necessary. This is done accord-
ing to

F � f .
dv

dV
(17)

where dv and dV are the mesh element scale factors for the
spatial frame and the material reference frame, respectively.

The coupling in the other direction consists of the struc-
tural velocity ∂ustruct

∂t (the rate of change for the displacement
of the structure) which acts as a moving wall for the fluid
domain. The spatial frame also deforms with a mesh defor-
mation that is equal to the displacement ustruct of the solid
within the solid domains. The mesh is free to move inside the
fluid domains, and it adjusts to the motion of the solid walls.

4 Result and discussion

4.1 Validation

To compare our numerical results, a geometry such as the
work of May and Clifford [16] and Goharrizi et al. [3] is
considered as the Reynolds number equal to 2.5 × l04. The
simulation has been done for different Stokes numbers in the
range of 0.05 to 7.3, and the comparison results are presented
in Fig. 3.

As canbe seen, the results of the present studyhave accept-
able accuracy compared to the experimental and numerical
results.

It is worth mentioning the target efficiency of monodis-
perse aerosol particles is defined as follows:

η � rate of particles deposited on the lower wall

rate of particles entering the projected area
(18)
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Fig. 3 Comparison between the result of the present study, experimental
data of May and Clifford [16] and numerical data of Goharrizi et al.
(1998) [3] at Re � 2.5 × l04

In addition, the simulation was performed for a channel
with a fixed ribbon and a Reynolds number of 20. The vor-
tex behind the ribbon can be characterized by the length of
the recirculation zone [22]. The length of recirculation was
identified as the distance from the ribbon to the vortex clo-
sure. Figure 4 presents streamlines in the flow field past a
fixed ribbon. The length of the recirculation zone is obtained
as 0.152 mm which is in good agreement with the results of
Kmitek and Kucaba [1].

4.2 Mesh independency

To determine mesh independence, modeling was done for
a channel with one vibrating elastic ribbon mounted on the
lower wall in three different types of mesh (Table 2). The
number of 2000 particles with a diameter of 20 μm and den-
sity of 1000 kg/m3 is considered. Figure 5 shows the average
velocity of the ribbon through the channel as a function of
time in these cases. As it is observed, the results in the cases
where the number of mesh elements is 26,035 or 61,253 are
nearly the same, while the difference is large for the case
where the number of mesh elements is 4531. Therefore, to
obtain more accuracy in results with the minimum computa-
tional costs, a finer grid resolution (case 2) is considered.

Table 2 Mesh independence study data for the simulated channel

Number of elements Average element
quality

Normal mesh 4531 0.768

Finer mesh 26,035 0.812

Extra fin mesh 61,253 0.818
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Fig. 5 Average velocity of the ribbon through the channel as a function
of time

4.3 One vibrating elastic ribbon

4.3.1 Ribbon on the lower wall

The first model that has been simulated is a channel with
the mentioned dimensions (Table 1) containing 15,950 par-
ticles with a diameter and density of 40 μm and 1000 kg/m3,
respectively, in such away that 50 particles are released every
0.025 s for a total duration of 8 s. The density and Young’s
modulus of the ribbon are considered to be 7850 kg/m3 and
0.2 Mpa, respectively. It is mounted at 20 mm from the inlet.
Meanwhile, the parabolic distribution of the airflow is shown
in Eq. 1.

No external force is applied to the vibrating elastic rib-
bon, and the deformation and vibration of the ribbon occur
as a result of air flow. Figure 6 shows streamlines and ribbon

Fig. 4 Streamlines in the flow
field past a ribbon for Re � 20
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Fig. 6 Streamlines and ribbon deformation over time, when a vibrating ribbon is mounted on the lower wall. a t � 0 s, b t � 0.2 s, c t � 0.4 s, d t
� 0.6 s
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Fig. 7 Drag and lift forces versus
time

deformation over time, as it is observed at the first (Fig. 6a),
the vibrating elastic ribbon is located vertically in the chan-
nel, but during the time when the fluid flow passes it, the
velocity gradient causes a strong force to be applied to the
upper edge of the ribbon and as a result, it inclined to the
right (Fig. 6b). Meanwhile, vortices of various sizes are cre-
ated behind the ribbon which are small at first, but grow over
time and the force caused by them causes the elastic ribbon
inclined to the reverse direction (Fig. 6c). In the following,
the vortices behind the elastic ribbon move downstream, and
the force applied by them to the ribbon decreases; therefore,
the elastic ribbon inclined to the right again (Fig. 6d). As a
result, the elastic ribbon continuously is inclined to the right
and left. Figure 7 shows the evolution of the fluid forces
over time. Also, the displacement magnitude of elastic rib-
bon versus time is shown in Fig. 8, as it is observed, that the
oscillation of the ribbon is fully developed after t � 7 s.

The particle trajectory and velocity contours of the simu-
lated channel are shown in Fig. 9. As it is observed, 15,950
particles in a vertical line are released in a way that 50 par-
ticles are released every 0.025 s. At first, due to the initial
condition of the fluid flow and the non-slip condition of the
channel walls, the particles move in a parabolic shape. Dur-
ing the time when the particles approach the elastic ribbon,
due to the velocity gradient and fluid–structure interactions,
their direction and velocity change. Therefore, some of them
that are at a lower height are deposited at the lower wall of
the channel.

The remaining particles, which have less chance of con-
tacting the ribbon, pass over it under the influence of the high

velocity of the flow in that area, and behind the ribbon, they
are affected by the created vortices and disperse in the chan-
nel. In the following, some of them deposition on the lower
wall and some others leave the channel. The amount of par-
ticle deposition in downstream depends significantly on the
flow conditions and fluid–structure interactions.

To compare, the simulation has also been done for the
channel with a fixed ribbon. In the new case, all the speci-
fications are the same as the initial simulation, and the only
difference is that the ribbon is fixed and does not move.
Results are shown in Table 3. According to this table, for
the fixed ribbon case, more particles are deposited upstream
(before the ribbon) compared to the vibrating elastic ribbon
case, this is because in the fixed ribbon case, the height of
the ribbon is fixed and more particles have a chance to col-
lide with it, while in the other case, the ribbon inclined and
its height decreases. For the particles that pass over the rib-
bon, it is vice versa, i.e., the number of particles deposited
downstream is more for the vibrating elastic ribbon case. The
reason for this phenomenon is that in the vibrating elastic rib-
bon case, the streamlines behind the ribbon change regularly
andmultiple vortices of different sizes are formed; as a result,
particles affected by these vortices and flow fluctuations have
a greater chance to collide with the lower wall.

It should be noted that one of the parameters influencing
the vibration of the ribbon is Young’s modulus, the decrease
inwhich increases the vibration of the ribbon and flowfluctu-
ations. In order to investigate the effect of this parameter, the
simulation for the ribbon with Young’s modulus of 0.1 Mpa
was also performed. All other specifications are the same as
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Fig. 8 Displacement magnitude
of a vibrating ribbon versus time

the initial simulation. The results are presented in Table 3.
As can be seen, the increase in vibration and flow fluctua-
tions caused an increase in the deposition of particles in the
downstream.

4.3.2 Ribbon on the upper wall

One of the most important parameters that affect the motion
and deposition of particles in the simulated channel is the
location of the vibrating elastic ribbon. Hence, in order to
investigate the influence of the location of the vibrating elas-
tic ribbon, the simulation of the ribbon mounted on the upper
wall and at a distance of 20 mm from the inlet of the channel
was also performed. The diameter of the particles is 40 μm.
All other specifications are the same as the initial simulation.

The particle trajectory and velocity contours of the simu-
lated channel are shown in Fig. 10. As it is observed, 15,950
particles in a vertical line are released in a way that 50 par-
ticles are released every 0.025 s. At first, due to the initial
condition of the fluid flow and the non-slip condition of the
channel walls, the particles move in a parabolic shape. Dur-
ing the time, due to the force of gravity, the particles tend
to move in the vertical direction and toward the lower wall,
so the particles that are near the lower wall stick to the wall
at the beginning. Also, particles that are at a greater distance
from the lower wall move downward due to the force of grav-
ity and the change in flow direction due to the presence of a

ribbon in the upper wall. Therefore, considering that the fluid
flow has to move downward to pass the ribbon, it can be said
that there is a chance for most of the particles to collide with
the lower wall.

One of the other parameters that affect the deposition
of particles in the channel is the particle diameter, which
shows the significant role of gravitational and drag forces
in the deposition process. Hence, in order to investigate the
influence of the particle’s diameter, the simulatedmodel con-
taining 1000 particles (in a way that 50 particles are released
every 0.025 s) with three different diameters of particles, 10,
20, 40 μm is used. Also, in these cases, ribbons are mounted
on the upper wall. All other specifications are the same as the
initial simulation. Table 4 shows the percentage of particle
deposition for these cases. As it is observed, under the same
conditions, by increasing the size of the particles, the percent-
age of particle deposition is also increased. This is because
the gravitational forces increase by increasing the density of
the particles. More than that, Fig. 11 shows the percentage
of deposited particles in a rectangular channel with an elastic
ribbon mounted in the upper and lower wall versus diame-
ter. As it is observed, the percentage of deposited particles
increases when the elastic ribbon is mounted on the upper
wall. This is because in this case, the fluid flow has to move
downward to pass the ribbon. Therefore, the chance that par-
ticles have a collision with the lower wall increases.
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Fig. 9 The particle trajectory and velocity contours for the case with one vibrating ribbon on the lower wall. a t � 0 s, b t � 0.05 s, c t � 0.2 s, d t
� 0.4 s

Table 3 Percentage of deposited
particles for a fixed or vibrating
ribbon

Cases Percentage of deposited particles
on the lower wall (upstream)

Percentage of deposited
particles on the lower wall
(downstream)

The fixed ribbon case 20% 10.5%

The vibrating elastic ribbon case 18% 11.26%

The vibrating elastic ribbon case
with different Young’s modulus

17.8% 13%
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Fig. 10 The particle trajectory and velocity contours, for the case with one vibrating ribbon on the upper wall. a t � 0 s, b t � 0.05 s, c t � 0.2 s,
d t � 0.4 s

Table 4 Percentage of deposited
particles in a channel with
different diameters of particles

Diameter of particle (μm) Percentage of deposited particles on the lower wall

10 6.95%

20 18.95%

40 63.68%

4.4 Multi-vibrating elastic ribbons

In order to investigate the effect of multi-vibrating elastic
ribbons on the deposition rate of particles, in this research,
modeling has been done for a rectangular channel includ-
ing two elastic ribbons with the same dimensions of height
10 mm and width 0.2 mm, which are mounted at a distance
of 20 mm and 60 mm from the inlet.

In addition, in order to investigate the effect of the location
of the ribbons, simulation has been done for four different
cases. They are both ribbons on the lower wall, both ribbons
on the upper wall, the first ribbon on the lower wall and the
second on the upper wall and finally, the first ribbon on the
upper wall and the second on the lower wall. The diameter
of particles varies between 10 and 40 μm. All other specifi-
cations are the same as the initial simulation.
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Fig. 11 Deposition efficiency in cases that a ribbonmounted in the lower
or upper wall

4.4.1 Two ribbons on the upper or lower wall

Figures 12 and 13 show streamlines and deformation of rib-
bons over time in the cases of two ribbons on the lower
wall and two ribbons on the upper wall, respectively. As it
is observed in these cases, similar to the case of the pres-
ence of a ribbon on the lower wall, at first the elastic ribbons
inclined to the right under the influence of the fluid flow, and
then, with the growth and increase in the number of vortices
created behind the ribbons, they return to the left.

It should be noted that the moving distance of the second
ribbon is different from the first ribbon, which is due to the
effect of the presence of the first ribbon on the fluid flow.

The percentage of deposited particles in the cases of two
ribbons mounted on the lower wall and on the upper wall is

obtained 22% and 57.4%, respectively. There is a consider-
able difference between the two values. This is because in
the second case, the ribbons increase the chance of particle
deposition by changing the direction of fluid flow and parti-
cles toward the lower wall of the channel. Figure 14 shows a
representation of particles motion with diameters of 10 and
40 μm for the two cases discussed at 0.2 s.

As it is observed under the same conditions, the number of
suspended particles with a diameter of 10 μm is more than
that of 40 μm, which is the reason, as mentioned, for the
effect of gravity.

The percentage of particle deposition for multi-ribbon
cases has been compared with single-ribbon cases, and the
results are shown in Fig. 15. As can be seen, in single-ribbon
cases, the deposition percentage is higher than in multi-
vibrating ribbon cases. The reason for this phenomenon is
that the presence of a ribbon reduces the cross-sectional area
of the channel and, as a result, increases the velocity of the
fluid and particles. Now, when the number of these ribbons
increases, this increase in velocity occurs at a greater dis-
tance from the channel, and therefore, the chance of particle
deposition decreases.

4.4.2 One ribbon on the upper and one on the lower wall

In order to compare, the simulation for the cases where two
ribbons are on different walls of a channel has been done.
Table 5 presents the percentage of particle deposition before
and after the ribbon mounted on the lower wall separately.
According toTable 5,where the first ribbon ismounted on the
upper wall, it has a higher percentage of particle deposition.

Fig. 12 Streamlines and ribbon deformation over time, when two ribbons are mounted on the lower wall. a t � 0.2 s, b t � 0.4 s
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Fig. 13 Streamlines and ribbon deformation over time when two ribbons are mounted on the upper wall. a t � 0.2 s, b t � 0.4 s

Fig. 14 A representation of particles motion with different diameters at t � 0.2 s. a, b the diameter of particles is 10 μm, c, d the diameter of
particles is 40 μm
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Fig. 15 Comparison of particle deposition percentage for single- and
multi-vibrating ribbons cases

Table 5 Percentage of deposited particles for multi-vibrating ribbons
mounted on different walls of a channel

Cases with
particles
diameter �
40 μm

Percentage of
deposited
particles on
the lower wall
(upstream)

Percentage of
deposited
particles on
the lower wall
(downstream)

Percentage of
deposited
particles on the
lower wall
(total)

The first
ribbon
mounted
on upper
wall

42.5% 2% 44.5%

The second
ribbon
mounted
on upper
wall

18.1% 15.58% 33.68%
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Fig. 16 Deposition efficiency of multi-vibrating ribbons cases

Figure 16 shows the plot of deposition percentage versus
particle diameter for all four cases.As it is observed, the high-
est deposition is related to the case of two ribbons mounted
on the upper wall and the lowest is related to the case of two
ribbons mounted on the lower wall.

5 Conclusions

The flow field, particle trajectory and deposition of particles
in a rectangular channel in the presence of multi-vibrating
elastic ribbons were investigated numerically. Two different
places of a vibrating elastic ribbon and four different places of
multi-vibrating elastic ribbons are considered. To compare, a
fixed ribbon is also considered. For obtaining the flow field,
the Navier–Stokes equations were solved numerically based
on the finite element method (FEM). The trajectory of parti-
cles was obtained by solving the equation of particle motion
that included the inertial, viscous drag and gravity forces.
The fluid–structure interaction (FSI) was obtained by using
an arbitrary Lagrangian–Eulerian (ALE)method. The results
of the study revealed that the presence of a vibrating rib-
bon increases the number of particles deposited downstream
compared to a fixed ribbon because of multiple vortices of
different sizes formed behind the vibrating elastic ribbon.
Also, the decrease in the Young’s modulus increases the
vibration of the ribbon and flow fluctuations and thus causes
an increase in the deposition of particles in downstream. In
addition, the result of simulating a channel with an elastic
ribbon mounted on an upper wall showed that in this case,
deposition efficiency is more than the other cases because
of forced change of fluid flow direction toward the bottom
wall by the ribbon. More than that, the results of investi-
gating the effect of particle diameter on the percentage of
particle deposition showed that the increase in particle diam-
eter due to the increase in gravity increases the percentage of
particle deposition. Finally, simulation was done for multi-
vibrating ribbons mounted in a rectangular channel in four
different cases. The results showed that the highest depo-
sition efficiency is related to the case where the vibrating
elastic ribbons are on the upper wall but the percentage of
deposition is lower than the case of a single ribbon mounted
on the upper wall.
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